For decades, lipids were assumed to fulfill roles only in energy storage and membrane structure. Recent studies have discovered critical roles for phospholipids, sphingolipids, and sterols in many cellular pathways, including cell signaling and transcriptional regulation. Frequently, lipids from these various classes work together to achieve defined cellular outcomes. Specific mitochondrial lipids are critical for proper assembly of the electron transport chain complexes and for effective responses to mitochondrial damage, including maintenance of mitochondrial protein homeostasis, regulation of mitophagy, and induction of apoptosis. In this Minireview, we will primarily focus on mitochondrial lipid signaling mediated by lipid-protein interactions.
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Lipids are a class of nongenetically encoded hydrophobic or amphipathic molecules essential for life (1) . Historically, lipids were ascribed roles exclusive to energy storage and membrane structure. However, studies conducted over the last quarter of a century have demonstrated active roles for lipids in information transfer through cell signaling and transcriptional regulation. Bioactive lipids fulfill these roles through lipid-lipid and lipid-protein interactions. Lipid-lipid interactions alter the biophysical properties of a membrane, thereby affecting membrane architecture and the ability of proteins and other molecules to interact with the membrane and each other (2) . Lipidprotein interactions can regulate the function of target proteins by modulating their activity or by targeting proteins to distinct regions of the cell to carry out specific activities or act on specific substrates (3) .
The abundance of individual lipids within the cell strongly influences the mechanisms whereby a given lipid can participate in cell signaling (3) . Changes in the abundance of a rare lipid, such as sphingosine 1-phosphate, are unlikely to alter the biophysical properties of a membrane. Rather, such lipids are more likely to interact with high-affinity receptors that can detect changes in their abundance, even at low absolute concentrations. However, highly abundant lipids have the ability to perturb the organization and biophysical properties of a membrane as their concentration changes. Because of the more substantial progress in our understanding of this area, this Minire-view will primarily focus on lipid signaling that is mediated by lipid-protein interactions.
Pioneering discoveries in lipid signaling
One of the pioneering discoveries of how lipid-protein interactions affect signaling pathways centers around the different fates of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ). 2 PI(4,5)P 2 can be hydrolyzed by phospholipase C to produce the second messengers, inositol trisphosphate (IP 3 ) and diacylglycerol (DAG) (4) . IP 3 binds to IP 3 receptors at the endoplasmic reticulum membrane to promote Ca 2ϩ -dependent signaling and DAG, in combination with Ca 2ϩ , aids in the activation of protein kinase C (5-7). Alternatively, PI(4,5)P 2 can be phosphorylated by a phosphoinositide 3-kinase to generate phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ). PIP 3 then recruits pleckstrin homology domain-containing proteins, such as the AKT protein kinase, which in turn activate pathways required for cell growth and survival (5) . In the remainder of this Minireview, we will examine how other lipid species, similar to the phosphoinositides described above, affect cellular processes through specific protein interactions, with a specific focus on signaling pathways that regulate mitochondrial function and quality.
Cardiolipin trafficking and mitophagy
Cardiolipin is a specialized phospholipid, composing almost 20% of the lipid content in the mitochondrial inner membrane (MIM). In healthy mitochondria, cardiolipin is found almost exclusively in the MIM, where it helps to stabilize cristae and support the assembly and function of electron transport chain complexes (8, 9) . However, recent studies have shown that mitochondrial injury, depolarization, and other damage signals cause externalization of cardiolipin to the mitochondrial outer membrane (MOM) where it is exposed to the cytosol (8, 10) . This MOM-localized cardiolipin appears to have very important signaling functions. Decreased delivery of mitochondria to autophagosomes was observed upon genetic deletion or RNAi knockdown of cardiolipin synthase or upon knockdown of two enzymes that translocate cardiolipin to the MOM, phospholipid scramblase-3 or nucleoside diphosphate kinase D (NDPK-D) (8, 10, 11) . Through a combination of molecular docking analyses, in vitro binding assays, and fluorescence This work was supported by National Institutes of Health Grants GM115129 from NIGMS and 5T32DK091317 from NIDDK and the Howard Hughes Medical Institute (HHMI). This is the fourth article in the Thematic Minireview Series "Redox metabolism and signaling." The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 To whom correspondence should be addressed. E-mail: rutter@ biochem.utah.edu. 2 The abbreviations used are: PI(4,5)P 2 , phosphatidylinositol 4,5-bisphosphate; IP 3 cro THEMATIC MINIREVIEW microscopy, Chu et al. (8) identified sites on LC3, a component of the autophagy machinery, required for direct interaction with MOM cardiolipin and for mitophagy ( Fig. 1 ). Additional in vitro binding studies suggest that a conserved domain of Beclin 1, another component of the autophagic machinery, exhibits enhanced affinity toward cardiolipin-enriched membranes (12) . These data suggest that the translocation of cardiolipin from the MIM to the MOM acts as a signal, perhaps indicative of mitochondrial dysfunction, to eliminate these organelles through the process of mitophagy (8).
Sphingosine 1-phosphate and the electron transport chain
One of the most studied bioactive sphingolipids, sphingosine 1-phosphate (S1P), is a critical regulator of various physiological processes and has been implicated in multiple human diseases, including cancer, diabetes, and atherosclerosis. Secreted S1P can bind to one of five G-protein-coupled receptors and regulate cell proliferation, angiogenesis, migration, cytoskeleton organization, endothelial cell chemotaxis, immune cell trafficking, mitogenesis, and other processes (13) . Alternatively, S1P can regulate processes intracellularly, through interaction with various proteins, including the histone deacetylases, HDAC1 and HDAC2 (14) , PKC␦ (15) , and TRAF2 (16) .
Through a series of lipid pulldown and immunoprecipitation assays, Strub et al. (17) show that S1P directly binds the prohibitin PHB2, a highly conserved chaperone regulating mitochondrial assembly and function. Knockout of the SphK2 sphingosine kinase, the principal source of mitochondrial S1P, disrupts interactions between PHB2 and cytochrome c oxidase, accompanied by aberrant assembly of cytochrome c oxidase and reduced mitochondrial respiration. Another study demonstrated that inhibition of SphK2 caused decreased expression of mitochondrial transcription factor A (TFAM) and superoxide dismutase 2 (SOD2) as well as a reduction in cellular ATP (18) . These data support the hypothesis that S1P is important for regulating mitochondrial function, at least partly through cytochrome c oxidase assembly and mitochondrial respiration ( Fig. 1) (17) .
Ceramide, mitochondrial stress, and apoptosis
As discussed earlier, lipids confer bioactivity through specific lipid-protein interactions or through lipid-lipid interactions that modulate membrane structure and dynamics. The lipids presented thus far, phosphoinositides, cardiolipin, and S1P, all and LC3B-II to recruit autophagosomes to damaged organelles. C, mitochondrial damage can also lead to accumulation of mitochondrial ceramide where BAX and ceramide work synergistically to create proteolipid pores through which cytochrome c can exit and activate the apoptotic pathway. D, sphingosine 1-phosphate (S1P) binds the chaperone prohibitin (PHB2), which facilitates PHB2 interactions with cytochrome c oxidase and its subsequent assembly.
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First, ceramide fulfills a role in regulating mitophagy. Sentelle et al. (19) show that overexpression of CerS1, which generates C 18 ceramides, induces mitophagy. They demonstrate that C 18 -ceramide directly binds LC3B-II, thereby recruiting the autophagosomal machinery to mitochondria and inducing mitophagy. Accordingly, amino acid substitutions that disrupt the interaction between LC3B-II and ceramide prevent LC3B-II-containing autophagosomes from being targeted to mitochondria (19) . In this manner, C 18 -ceramide serves as a receptor or anchor for autophagosomes, selectively recruiting them to mitochondria and promoting mitophagy (Fig. 1) . How ceramide activities in recruiting the mitophagy machinery relate to those of cardiolipin remains to be determined.
Ceramide has also been implicated in promoting apoptosis. Ceramide is generated within the cell via de novo synthesis or via sphingomyelin hydrolysis, and its levels increase in response to various stress stimuli. Mitochondrial targeting of a bacterial sphingomyelinase (20) or stress-induced activation of neutral sphingomyelinase 1 (21) promotes sphingomyelin hydrolysis to produce ceramide and promote apoptosis. Ectopically targeting the ceramide transfer protein to mitochondria causes ceramide import into mitochondria and apoptosis (22) . Exogenous addition of ceramides to cultured cells or isolated mitochondria has been shown to induce cytochrome c release from mitochondria, a step that sets the apoptotic process in motion. It is possible that this apoptotic process is mediated by the formation of ceramide channels in the MOM, which is supported by observations that ceramides form stable pores in membranes in vitro (23) . Furthermore, exogenous ceramide addition to cells promotes translocation of the pro-apoptotic BAX protein to mitochondria. In experiments using purified mitochondria, activated BAX and ceramide work synergistically to create proteolipid pores through which cytochrome c can exit mitochondria and activate the apoptotic pathway ( Fig. 1) (24) .
Additional studies demonstrate roles opposing ceramidemediated apoptosis for anti-apoptotic members of the Bcl-2 protein family. Overexpression of the pro-survival Bcl-2 attenuates neutral sphingomyelinase 1 activation, ceramide accumulation, and subsequent apoptosis in response to etoposide treatment in glioma cells (25) . Addition of purified mammalian Bcl-xL or CED-9, its Caenorhabditis elegans homolog, to rat mitochondria prevents ceramide-induced MOM permeability, possibly by disrupting the formation of ceramide channels (26) .
Proteotoxic stress in the mitochondria is detected by a surveillance system called the mitochondrial unfolded protein response (UPR mt ) (27) . In C. elegans, activation of the UPR mt causes the induction of several mitochondrial chaperone genes, including hsp-6 (28) . One study demonstrated that inhibition of sphingolipid and ceramide synthesis, either genetically or pharmacologically, prevents nematodes from inducing hsp-6 in response to antimycin treatment (29) . Conversely, these treatments have no effect on the induction of endoplasmic reticulum stress reporters, suggesting a specific role for ceramides in the response to mitochondrial stress. Furthermore, exogenous addition of ceramides to these nematodes, particularly C 24 -ceramide, restores hsp-6 induction in the presence of antimycin but does not induce hsp-6 in the absence of stress (29) , suggesting that ceramide is necessary, but not sufficient, for the cellular response to this mitochondrial stress.
Several studies have also implicated ceramides in affecting electron transport chain (ETC) activity. Hepatocytes from mice heterozygous for CerS2, the ceramide synthase that preferentially produces very long-chain ceramides in the liver, exhibit decreased activity of ETC complex II and complex IV. These effects on ETC activity are largely phenocopied by overexpression of CerS6, which produces shorter ceramides (30) . Another study demonstrated increased mitochondrial biogenesis and ␤-oxidative capacity in brown adipocytes upon CerS6 deletion (31) . Increased ETC activity has also been observed in adipocytes lacking serine palmitoyltransferase, an enzyme required for the synthesis of ceramide precursors (32) . Although these experiments provide compelling evidence for a role for ceramides in modulating ETC activity, the mechanisms through which this occurs are unclear.
Ergosterol peroxide and protein quality control at mitochondria
Recently, we discovered a distinct mechanism activated in response to mitochondrial stress that is dependent on another type of lipid, oxidized sterols (33, 34) . In Saccharomyces cerevisiae, there are low levels of the oxidized sterol, ergosterol peroxide (EP), in the MOM in unstressed conditions. We hypothesize that stressors induce mitochondrial damage (35) and increased production of damaging ROS (36) , which can disrupt mitochondrial protein import and damage existing macromolecules. Furthermore, these ROS oxidize ergosterol in the MOM to EP (37) , which acts as a signal to recruit Vms1 to damaged mitochondria. We show that EP directly binds to Vms1, a protein adaptor for the AAA-ATPase, Cdc48, and that increased EP abundance enhances Vms1 binding to membranes ( Fig. 1 ) (34) . Upon recruitment of the Vms1-Cdc48 complex by EP, Cdc48 is thought to extract ubiquitylated polypeptides from the MOM for their subsequent degradation by the proteasome (33) . Recent data also suggest that Vms1 might be recruited as part of the ribosome quality control (RQC) system to assist in the ubiquitin-mediated degradation of nascent polypeptides whose ribosomal synthesis and concurrent import into mitochondria have been stalled (38) . This combination of structural, genetic, and biochemical analyses suggests how mitochondrial stress causes a nonenzymatic increase in mitochondrial EP abundance that can recruit the Vms1-Cdc48 complex and/or the RQC machinery to aid in maintaining mitochondrial protein homeostasis.
The discovery that mitochondrial sterol oxidation manifests an "SOS" signal to the rest of the cell represents a novel mechanism whereby a direct by-product of oxidative stress/damage acts as a direct signal. It is also unique in that it couples damage to the recruitment or engagement of the degradative functions of the mitochondrial ubiquitin-proteasome system. Through this mechanism, the cell can initiate a rapid response to aid THEMATIC MINIREVIEW: Mitochondrial lipid signaling the damaged mitochondria before mitophagy and/or apoptosis become necessary.
Oxidized sterols contribute to myriad cell-signaling pathways
The very recent discovery that sterol oxidation contributes to mitochondrial quality control is quite distinct from roles previously described for oxidized sterols. To provide a more complete backdrop of the diverse contributions made by oxidized sterols to signaling pathways throughout the cell, we will outline the wide range of nonmitochondrial signaling pathways influenced by oxidized sterols, beginning with Hedgehog (Hh) signaling. In medullablastoma (MB) cells, Hh signaling is inhibited upon treatment with zaragozic acid, which disrupts sterol biosynthesis without inhibiting isoprenoid biosynthesis. However, the addition of exogenous cholesterol or oxysterols restores Hh signaling in MB cells, likely by directly associating with and activating Smoothened (39, 40) .
Cholesterols and oxysterols also regulate sterol regulatory element-binding protein (SREBP) transcription factor trafficking and activation by promoting interactions between SREBP cleavage-activating protein (SCAP) and Insig proteins (41, 42) . Cholesterol binds to SCAP triggering an association with Insigs, and oxysterols bind Insigs triggering Insig association with SCAP. Insig dissociation from SCAP is required for proper SREBP trafficking and induction of expression of the enzymes for fatty acid and cholesterol biosynthesis (43) . Through this mechanism, elevated cholesterol or oxysterol abundance acts as a negative feedback inhibitor of the expression of cholesterol biosynthetic genes.
In addition to influencing Hh signaling and SREBP processing, oxysterols modulate several other pathways. Liver X receptors (LXRs) are nuclear receptors that regulate cholesterol metabolism and homeostasis and are activated upon binding to oxysterols (44) . In a potentially deleterious manner, several oxysterols inhibit estrogen receptor activity (45) . 27-Hydroxycholesterol (27HC) inhibits estrogen-dependent production of nitric oxide leading to reduced vasorelaxation of rat aorta. Furthermore, dietary, pharmacological, or genetic perturbations that cause increased 27HC levels, cause repression of carotid artery re-endothelialization (45) . Finally, several proteins conserved throughout eukarya, belonging to the oxysterol-binding protein-related family, bind to oxysterol ligands to regulate various processes, including lipid metabolism, vesicle transport, cell adhesion, and JAK/STAT signaling (46, 47) .
Conclusion
Lipids actively contribute to both intracellular and extracellular signaling pathways regulating diverse cellular processes. In many instances, lipids from various classes appear to cooperate to achieve a specific cellular outcome. For example, the phospholipid cardiolipin and the sphingolipid ceramide combine to induce mitophagy. Cardiolipin binds to LC3 (8) and ceramide binds to LC3B-II (19) , leading to autophagosome recruitment and formation. The diverse combinations of lipid species that might cooperate to achieve a specific outcome illustrate the diversity of lipid signaling possibilities (48) .
Advances in the technology we use to measure lipid abundance, localization, and interactions with proteins will undoubtedly increase our ability to discover and define new signaling mechanisms mediated by lipids. However, the greatest advancements in our understanding of how lipids mediate cell signaling will come as the manner in which we think about lipids continues to evolve. As our view of possible lipid functions expands, we will uncover novel contributions from lipids to signaling pathways of importance in human health and disease.
